Background: Alzheimer disease (AD) may be caused by the toxic accumulation of ␤-amyloid (A␤).
group (baseline cognitive subscale score of the Alzheimer's Disease Assessment Scale, Ն25), due to a substantial worsening of scores in those taking placebo compared with minimal deterioration for the clioquinol group. Plasma A␤ 42 levels declined in the clioquinol group and increased in the placebo group. Plasma zinc levels rose in the clioquinol-treated group. The drug was well tolerated.
Conclusion: Subject to the usual caveats inherent in studies with small sample size, this pilot phase 2 study supports further investigation of this novel treatment strategy using a metal-protein-attenuating compound.
Arch Neurol. 2003; 60:1685 -1691 A LZHEIMER DISEASE (AD) may result from the cortic a l a c c u m u l a t i o n o f ␤-amyloid (A␤). Several strategies to inhibit A␤ production and/or accumulation have been explored in experimental models of AD and are now being translated into doubleblinded clinical trials. 1, 2 We have developed a strategy of targeting A␤ through metal-protein-attenuating compounds (MPAC), which promote the solubilization (and clearance) of A␤ and inhibit redox-active copper ion (Cu 2+ )-A␤ interactions that generate neurotoxic hydrogen peroxide. 3, 4 One such MPAC lead compound, iodochlorhydroxyquin (an antiinfective agent also known as clioquinol) induces a rapid decrease in brain A␤ deposition in a mouse model of AD. 5 Clio-quinol also inhibits A␤ toxicity in neuronal cell cultures, 6 possibly acting through an additional mechanism of preventing A␤-lipid interactions. 7 Clioquinol was withdrawn for oral use in 1970 because of its association with subacute myelo-optic neuropathy, possibly caused by vitamin B 12 deficiency. 5, 8 We believed the drug should be reevaluated, 9 and therefore prepared a double-blind phase 2 clinical trial. We chose a dose escalation schedule to maximize the chance of detecting a cognitive or biochemical effect while minimizing the risk for adverse effects. The study was powered to detect only conspicuous effects on cognition. The starting dosage of 3.3 mg/kg per day was within the same order of magnitude of the effective dosage in the mouse model.
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Herein we report the results demonstrating the efficacy of clioquinol treatment in producing effects on plasma A␤ and zinc ion (Zn 2+ ) levels. In addition, the drug was well tolerated and inhibited cognitive decline in patients who, untreated, otherwise experienced deterioration.
METHODS
STUDY POPULATION
Criteria for participation in the study included informed consent (Consent to Special Procedures administered by the Victorian Civil and Administrative Tribunal, Melbourne, Victoria, and third-party consent); a diagnosis of probable AD by means of criteria of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association; a cognitive subscale score on the Alzheimer's Disease Assessment Scale (ADAS-cog score) of 20 to 45; a Mini-Mental State Examination score of 10 to 24; and receipt of a 5-to 10-mg dose of donepezil for at least 6 months.
STUDY DESIGN
The study was a double-blind, placebo-controlled, parallelgroup randomized design. Thirty-six patients and their caregivers were recruited. The duration of the study was 36 weeks. The oral dosage of clioquinol was 125 mg twice daily from weeks 0 to 12, 250 mg twice daily from weeks 13 to 24, and 375 mg twice daily from weeks 25 to 36.
STUDY PROCEDURES
Screening procedures consisted of a medical history, physical examination, psychometric tests, nerve conduction tests, and visual evoked responses. Blood was collected for apolipoprotein E allotyping and assays of metals and A␤. All patients continued to receive donepezil and received intramuscular cyanocobalamin (vitamin B 12 ), 100 µg, every 4 weeks.
OUTCOME MEASURES
The primary efficacy variable was change from the baseline score on the ADAS-cog at weeks 4, 12, 24, and 36. Plasma A␤, zinc, and copper levels were all measured every 4 weeks.
DOUBLE-ANTIBODY CAPTURE ENZYME-LINKED IMMUNOSORBENT ASSAY FOR A␤ DETECTION
Plates were coated with monoclonal antibody (mAb) G210 (for A␤ 40 ) or mAb G211 (for A␤ 42 ) and washed, and biotinylated mAb WO2 was added. Bound antibody was detected with streptavidin-labeled Europium (PerkinElmer, Inc, Melbourne, Victoria).
THERAPEUTIC DRUG MONITORING
At weeks 12, 24, and 36, clioquinol blood levels were assayed by means of high-performance liquid chromatography at the Centre for Pharmaceutical Research, University of South Australia, Adelaide.
SAFETY MEASURES
Standard adverse event reporting was conducted. Visual evoked responses and results of nerve conduction studies and a full ophthalmic examination were obtained at screening, at week 16, and before the final trial visit.
DATA ANALYSIS
Data management was undertaken by independent contractors (Kendle International Inc, Oakleigh, Melbourne, Victoria). Evidence of efficacy was indicated by a significant difference in change from baseline between treatment arms. Analysis of variance was the principal method of evaluating statistical significance. Differences between groups on categorical measures were analysed using exact statistical methods. The baseline illness severity factor was created, as planned, by division of the sample into 2 groups at the median ADAS-cog score at baseline, yielding less severely and more severely affected groups (n=8 and n=8, respectively, in the clioquinol treatment arm; and n=7 and n=9, respectively, in the placebo arm).
RESULTS
SUBJECT RECRUITMENT AND DEMOGRAPHICS
Thirty-six subjects were recruited, and 32 had sufficient data for per protocol analysis (Figure 1 ). The groups did not differ across relevant demographic, biological, and clinical variables at baseline (Table 1), other than the treatment arm having a higher mean premorbid IQ than the placebo group as estimated using the National Adult Reading Test (111.4 vs 104.9; t 30 =2.27; P=.03) and a lower level of thyrotropin (1.14 vs 2.00 mIU/L; t 30 = 4.40; PϽ.001). The National Adult Reading Test IQ and thyrotropin level were subsequently provisionally entered into analyses as covariates, but were found to be not significant in any analysis. 
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PROOF OF CONCEPT
Ideally, any drug targeting the A␤ pathway should have the following 2 principal effects: a disease-modifying effect as assessed by cognitive variables and a biological response assessed by measurement of A␤ levels in the blood, the cerebrospinal fluid, or the brain.
Changes in the ADAS-cog score at weeks 4, 12, 24, and 36 from baseline were subject to 2-way analysis of variance with factors of treatment arm and baseline illness severity. As planned in the protocol, the effect of severity of illness was examined by stratification of the sample into subjects less or more severely affected than the median score of the baseline ADAS-cog (Ͻ25 and Ն25). At baseline, there were no significant or nearsignificant differences between the main effect of the treatment arm (F 1,28 = 0.21; P = .65). Similarly, there were no significant differences between treatment arms at either level of severity. The main effect of the treatment arm was not significant at any week, although trends toward significance were noted at weeks 4 (F 1,28 = 3.55; P=.07) and 24 (F 1,28 =3.31; P = .08) (Figure 2A ). Simple effects tests within the level of severity showed the main effect to be separable into nonsignificant results for the lesssevere stratum on all weeks and significant differences in the more-severe stratum at weeks 4 (F 1,28 =7.73; P=.01) and 24 (F 1,28 =6.63; P = .02) ( Figure 2B ). This trend was maintained at week 36 but narrowly escaped statistical significance (F 1,28 =3.62; P=.07). The difference in mean change from baseline ADAS-cog score in the clioquinol arm compared with the placebo arm at weeks 24 and 36 was a difference of 7.37 (95% confidence interval, 1.51-13.24) and 6.36 (95% confidence interval, −0.50 to 13.23), respectively.
The Mini-Mental State Examination, a less sensitive measure of cognitive impairment, showed a similar pattern without reaching significance. By contrast, the noncognitive score on the ADAS and the Clinician Interview-Based Impression of Change did not show any clear differences or trends. Results of apolipoprotein E genotyping did not disclose any effect other than an overrepresentation of the ⑀4 allotype in both groups. There were no significant differences in baseline plasma A␤ 42 levels between treatment arms or severity strata. The plasma A␤ 42 level declined significantly from baseline in the clioquinol-treated group from week 20 onward; during the same time, the plasma A␤ 42 level in the placebo group increased (Figure 3A) . Stratification by illness severity demonstrated that changes were evident only in the less severely affected group ( Figure  3B ). The wide variance in individual levels at baseline in plasma A␤ 40/42 led to reduced power of the study to detect any significant differences in mean changes between groups.
Analysis of plasma A␤ 40 levels showed overall similar trends, with significant differences between placebo and clioquinol groups observed at weeks 8, 32, and 36 in the less severely affected groups. For individuals, there was a highly significant (PϽ.001) correlation between A␤ 42 and A␤ 40 levels.
EFFECT ON PLASMA ZINC AND COPPER LEVELS
Administration of clioquinol was associated with a significant elevation of total plasma zinc level (Figure 4A ) but with no effect on plasma copper level ( Figure 4B ). Samples collected with an indwelling catheter at weeks 12, 24, and 36 were found to be unreliable for technical reasons and were therefore omitted from this analysis. Mean absolute levels of zinc (61 µg/dL [9.4 µmol/L]) in all groups at baseline were below age-related normative values. Mean absolute levels of copper (83 µg/dL [13.1 µmol/L]) were within the age-related normative range. Correlation of plasma A␤ 42/40 levels with zinc and copper levels assayed on the same or on subsequent occasions showed no significant associations.
BLOOD LEVELS OF CLIOQUINOL
Mean±SD steady-state predose levels of clioquinol at total daily dosages of 250, 500, and 750 mg were 4.03±2.10, 6.74±3.70, and 7.60±2.15 µg/mL, respectively. 
SAFETY RESULTS AND ANALYSIS
Safety analysis was conducted on all data irrespective of the stage reached in the trial. There were a total of 123 attributable adverse events reported, 64 in the treatment group and 59 in the placebo group. Of the attributable adverse events with a risk of greater than 10% or where the point estimate risk ratio was greater than 2.0 or less than 0.5, the mean number of discrete events per subject was not significantly different between arms ( Table 2) . Serious adverse events developed in 5 subjects. Impaired visual acuity and color vision (in the absence of other neurological signs or symptoms) developed in a 66-year-old woman with hypertension, hyperlipidemia, and a history of glaucoma and visual migraine during weeks 31 to 36 of the trial, while she was receiving clioquinol, 375 mg twice daily. This event was considered to be possibly attributable to clioquinol, and her symptoms resolved on treatment cessation. The following 4 nonattributable serious adverse events were recorded: 1 death due to intracranial hemorrhage (placebo group) and 3 hospitalizations for hip pain (placebo group), syncope due to impaired cardiac function (clioquinol group), and confusion (placebo group).
COMMENT
The findings support a proof of concept in humans that a drug targeting metal-A␤ interactions can have a significant effect on A␤ metabolism and, through this, a beneficial modification on the progression of AD. The clinical benefit of clioquinol in this study population was only seen in the more severely affected subjects, probably due to the low power of the study and the nonlinear sensitivity of the ADAS-cog instrument to detect relatively slight cognitive differences in the less severely affected groups (Figure 5 ). The separation of 3 ADAS-cog points achieved after 24 weeks of treatment with the acetylcholinesterase inhibitor, donepezil, required a study population of more than 300 subjects. 10 The significant benefit seen in the more severely affected treatment group at 4 weeks is also of interest, as this may represent the short-term effect of clioquinol neutralizing the neurotoxicity of the soluble pool of A␤. 11 The data showing a significant lowering of plasma A␤ 42 levels are more compelling (Figure 3) . The relationship between plasma A␤ level and ADAS-cog scores has not yet been determined, but is probably nonlinear ( Figure 5) . Previous cross-sectional assays of blood A␤ levels have been complicated by large interindividual variations. However, plasma A␤ levels may still reflect brain A␤ load. One longitudinal study of preclinical AD disclosed higher plasma A␤ 42 levels. 12 A 12-week doubleblind trial of lovastatin showed a 37% increase in the serum A␤ level for the placebo group, and a dose-related decrease of up to 24% for the drug-treated group. 13 The findings of the present longitudinal study are consistent with these observations, as they disclose a progressive increase in plasma A␤ 42 level in placebo-treated subjects, principally in the less severely affected group. Evidence of a biochemical relationship between plasma and brain A␤ pools in transgenic models for AD also help to interpret our current results. 14 Although there were highly significant changes in the plasma of the less severely affected patients, the separation between treatment arms in the more severely affected patients did not reach statistical significance (Figure 3 ). An explanation for this may be linked to the exponential accumulation of brain A␤ level in advanced AD, associated with a marked fall in cerebrospinal fluid A␤ levels ( Figure 5 ). We observed a trend over time toward lower mean levels in the more severely affected group (data not shown), which is consistent with the large body of data on cerebrospinal fluid A␤ levels that shows an elevation early in the disease, followed by a progressive fall as the disease evolves. 15 An important result of clioquinol treatment of subjects with AD is the elevation in plasma zinc levels (Figure 4A) . Experimental studies 7 of clioquinol on the mouse brain showed similar increases of zinc level of 13% and copper level of 19%. This finding also indicates that, in contrast to a typical metal chelator such as desferrioxamine, the MPAC drugs (of which clioquinol is but one example) are not gross tissue chelators. The affinity of clioquinol for copper and zinc ions is relatively modest (approximately nanomolar) and is likely to be facilitating their dissociation from the lowest-affinity metal binding sites on A␤.
The measured basal levels of plasma clioquinol in the current study ranged from 13 to 25 µmol/L (4-8 µg/mL). After allowing for a large proportion of clioquinol being bound to protein, the available active compound in the brain should be 100 to 200 nmol/L. The concentration of total A␤ in the brain with AD varies considerably, but is estimated to range from the high nanomolar to the low micromolar range, of which less than 1% is available as a toxic soluble species. 11 Actual measurements of extracellular brain clioquinol levels will be required, together with plasma pharmacokinetics, before a more rational approach to dosing can be applied.
Safety issues are of concern in a study involving the chronic administration of a drug with a history of adverse events. We balanced the risks of treating a malignant disease such as AD against the relatively low risk for development of subacute myelo-optic neuropathy by careful monitoring and by ensuring complete normality of vitamin B 12 and folate metabolism. Clioquinolassociated optic neuropathy was suspected in 1 subject with a prominent history of eye disease, but a direct causal link to clioquinol remains uncertain, given that disturbances of color vision and other ophthalmologic changes occur during the natural history of AD. 16 Twenty-seven subjects agreed to participate in an open-label extension study of clioquinol. Ten subjects have now been receiving this drug at a dosage of 500 to 750 mg/d for more than 18 months. No clioquinol-attributable adverse events have developed in any of these subjects.
CONCLUSIONS
The safety profile and biochemical efficacy of clioquinol in this population are sufficiently encouraging to allow for future trials to take this investigation of a novel therapeutic intervention (clioquinol itself or a pharmacologically improved backup) targeting A␤ amyloid to the next phase. This class of MPAC may also be considered for related conditions such as Parkinson disease, 17 in which ␣-synuclein and iron could interact in a manner analogous to A␤ and zinc and copper ions.
Accepted for publication August 7, 2003 In mild cognitive impairment and mild AD phases, the behavioral variables show little change, whereas it is suspected that levels of plasma/CSF A␤ may increase. In the middle (moderate) phases of illness, the behavioral measures decline rapidly, whereas the biochemical changes plateau. In the severe end stages of illness, the behavioral measures reach a floor, and the plasma/CSF A␤ levels are in sharp decline as the brain acts as an amyloid sink. The population in the present study is drawn from the less and more severely affected subgroups of the subjects with mild/moderate AD, among whom disparate trends in behavioral and biochemical measures were observed. 
